Background: Molecular imaging with positron emission tomography (PET) may allow the non-invasive study of the pharmacodynamic effects of agonistic monoclonal antibodies (mAb) to 4-1BB (CD137). 4-1BB is a member of the tumor necrosis factor family expressed on activated T cells and other immune cells, and activating 4-1BB antibodies are being tested for the treatment of patients with advanced cancers.
Background
Agonistic antibodies to 4-1BB (CD137) are in clinical testing as immunotherapy for cancer [1] [2] [3] . 4-1BB is a surface glycoprotein that belongs to the tumor necrosis factor receptor superfamily (TNFRSF). It was first identified on activated T lymphocytes [4] , and has subsequently been described on other activated immune cells, including dendritic cells (DC), natural killer cells (NK), natural killer T cells (NKT), monocytes, neutrophils, eosinophils, mast cells and regulatory T cells [4] . Its ligand, CD137L or 4-1BBL, is mainly expressed on hematopoietic stem cells, antigen-presenting cells (APCs) and myeloid progenitor cells [5] . Agonistic 4-1BB mAbs induce regression of established solid tumors in several animal models by promoting T-cell survival, proliferation, cytokine production, and enhance T-cell cytolytic activity [2, 6] . 4-1BB mAbs also induce tumor T-cell infiltration by stimulating the expression of cellular adhesion molecules on tumor endothelial cells [7] . While initial clinical trials are in progress [2] , new promising pre-clinical studies combining this potent antibody with other therapies are also emerging [5, 8] together with next generation versions of 4-1BB mAbs [9] .
Positron emission tomography (PET) is a broadly available imaging method used for the in vivo visualization of cellular processes at a molecular level. The widely exploited [ 18 F]-labeled fluoro-2-deoxy-2-D-glucose ([ 18 F]FDG) tracer is used as a highly sensitive imaging tool that detects cells based on their increased glucose metabolism resulting from the intracellular trapping of the tracer. The most common clinical use of [ 18 F]FDG PET scanning is for the diagnosis and treatment monitoring in patients with cancer thanks to the Warburg effect [10, 11] . In addition to cancer cells, activated lymphocytes and macrophages have a markedly increased glucose metabolism resulting in increased [ 18 F]FDG uptake and intracellular accumulation. Therefore, [ 18 F]FDG PET imaging may be useful in studying tumor immunotherapy [12] . In the present study we used [ 18 F]FDG microPET imaging to visualize 4-1BB agonistic antibody-induced immune cell responses within the tumor site in a colon carcinoma mouse model. Our results support the use of this PET-based immune detection as a pharmacodynamic readout to guide the development of this class of antibodies in the clinic by monitoring T cell activation after 4-1BB mAb therapy.
Results

Antitumor effects of 4-1BB agonistic antibodies in a murine model of colon carcinoma
We set up a model of reproducible immune-mediated tumor regressions to then allow PET-based imaging to study pharmacodynamic effects. In replicate experiments we tested the antitumor activity of a commercially available rat-anti-mouse 4-1BB mAb against the implantable CT26 colon carcinoma in fully immunocompetent mice. The administration of two 1 mg/kg doses of 4-1BB mAb induced reproducible CT26 tumor regressions (p < 0.0001 by twoway Anova) and improved survival in mice (p = 0.0001 by log rank test). All mice responded to the treatment and complete tumor shrinkage was achieved in over 80% of mice 14 days after 4-1BB mAb administration (Figure 1a , b). In order to better understand the relationship between dose and efficacy, dose range finding studies were performed. Doses of 1, 0.1 and 0.01 mg/kg of 4-1BB mAb were tested. Significant tumor growth inhibition (TGI) was observed in animals receiving a single dose of 0.1 mg/kg or 1 mg/kg (Figure 1c,d) . At day 55 post-tumor implantation, seven surviving tumor-free animals from the 1 mg/kg treated group, which had complete tumor shrinkage by day 21, were re-challenged with CT26 cells and the tumor implants monitored for 19 days. These mice had been tumorfree for 36 days prior to re-challenge. Control 4 T1 cells were also implanted subcutaneously on the right flank of the mice. The CT26 implant was completely rejected, while the 4 T1 cell implant grew progressively (Figure 1e ), demonstrating the induction of a tumor-specific therapeutic immune response.
4-1BB agonistic treatment increases tumor infiltrating leukocytes
In order to understand the anti-tumor immune response generated following treatment with 4-1BB antibodies, tumors from treated and control mice were extracted and processed for immunohistochemical and immunofluorescence analysis at 14 and 22 days after the start of the study. Tumor infiltrating CD45+ leukocytes, CD3+ T cells, and F4/80+ macrophages were identified. The presence of tumor infiltrating CD45+ leukocytes increased significantly on day 22 post-tumor implant in mice treated with 4-1BB mAb. There was a time-and dose-dependent increase in intratumoral CD3+ infiltrating T cells after administration of 4-1BB mAb. An increase in tumor infiltrating F4/80+ macrophages was observed on day 22 following 4-1BB mAb administration ( Figure 2 and Additional file 1: Table S1 ).
4-1BB agonistic antibody treatment increases circulating cells with a T cell memory phenotype
Circulating lymphocytes extracted from peripheral blood of CT26 tumor bearing mice, treated with 4-1BB mAb or vehicle, were characterized for functional T cell subpopulations by surface staining and flow cytometry on days 14 and 22 post-tumor implant ( Figure 3 ). The percentage of T naïve (CD3 + CD44-CD62L+), T central memory (Tcm; CD3 + CD44 + CD62L+) and T effector memory (Tem; CD3 + CD44 + CD62L-.) cell populations was analyzed. No significant change in the ratio of total CD8+ to CD4+ T cells was observed at day 14 post-tumor implant whereas a significant increase was achieved in animals treated with a single dose of 1 mg/kg 4-1BB mAb (p = 0.0193) at day 22 post-tumor implant ( Figure 3a ). The number of CD4 cells did not change in the treated mice compared to that in the control group. In contrast, a significant increase in the number of CD8+ cells was observed in the mice treated with 0.3 mg/kg and single and double dose of 1 mg/kg 4-1BB mAb (Figure 3b ,c). There was a decrease in naïve CD8+ and CD4+ T cells in treated animals versus control. Particularly, a significant decrease in naïve CD8+ T cells was observed in the single 1 mg/kg dose group (p = 0.0126) (Figure 3d ,g). In contrast, there was a significant increase in the percentage of circulating CD8+ Tcm cells in mice treated with a single or double dose of 4-1BB mAb versus vehicle from a mean of 5.3% to 14.7% (p = 0.0067) or to 14.8% (p = 0.0334), respectively, on day 22 ( Figure 3e ). Similar trends were observed in the CD8+ Tem populations. At day 22, increased numbers of Tem cells were observed in both the single and double dose group from a mean of 14.5% to 46.9% (p = 0.0031) or to 43.7% (p = 0.0007), respectively ( Figure 3f ). A smaller but significant increase in CD4+ Tcm cells was achieved only in double dosed animals from 2.83% to 6.25% (p = 0.0487) on day 22 post-tumor implant ( Figure 3h ). A significant increase in the percentage of circulating CD4+ Tem cells was also observed at day 14 on the treated mice with 0.3 mg/kg or 1 mg/kg 4-1BB mAb with a change in mean percentage from 10% to 17.1% (p = 0.0374) or 17.9% (p = 0.0165), respectively. At day 22, a significant increase in the CD4+ Tem population was also achieved in the double dose treated group with a mean change from 15.8% to 22.4% (p = 0.0184; Figure 3i ).
[ 18 F] FDG PET visualization of the antitumor responses after 4-1BB treatment
Balb/c mice bearing CT26 tumors were imaged by microPET/CT scan before and after two-dose injections of 1 mg/kg 4-1BB mAb or vehicle on days 9 and 11 posttumor implantation. All mice in this study were imaged on days 7, 14 and 19 post-tumor implant (Figure 4a ,b). In replicate experiments, the mice treated with 4-1BB mAb showed an increased signal (% ID/g) of [ 18 F]FDG at the tumor site and draining lymph nodes, while there was no change in the PET tracer accumulation in tumors or draining lymph nodes in control treated mice. The spleen [ 18 F]FDG uptake was also quantified. Five treated mice showed an increase of [ 18 F]FDG uptake signal on day 14 post-treatment whereas no increase in signal was observed in the control mice (data not shown).
Increased [ 18 F] FDG PET signal after agonistic 4-1BB treatment due to higher tumor leukocyte infiltration as well as higher metabolic activity in infiltrating leukocytes
Since the PET [ 18 F]FDG uptake signal from the tumor draining lymph nodes and tumor infiltrating leukocytes overlaps with the tumor signal in vivo, we extracted these . b) Kaplan-Meier plot of improved survival in mice (n = 12 mice per group; p = 0.0001 for tumor diameters by two-way Anova and p = 0.0001 for survival by log rank test). c and d) Different 4-1BB mAb doses were also tested showing a significant tumor growth inhibition by day 21 in animals receiving 0.1 or 1 mg/kg 4-1BB mAb (ns = not significant * P < 0.05, ** P < 0.01, *** P < 0.001 by t-test). e) Re-challenge of surviving tumor-free mice 55 days after complete tumor shrinkage showed a total CT26 tumor rejection by the animals. 4 T1 cells were used as positive control. Figure S1 and Additional file 3: Figure S2 ). There was a 2fold increase in monocytes, CD4 and CD8 T cells and a 38-fold increase in B-cells extracted from tumors of mice treated with 4-1BB versus the untreated mice ( Figure 5c ). A 2.6-fold increase in CD4 T cells extracted from tumordraining lymph nodes was observed in mice treated with 4-1BB Ab compared to untreated mice ( Figure 5d ). We also tested these CD45+ cells for in vitro [ 3 H]DDG uptake after being sorted by flow cytometry. The in vitro uptake assay showed a 2-fold increase in uptake of [ 3 H]DDG in CD45+ tumor infiltrating cells from mice treated with 4-1BB mAb versus untreated (p < 0.05 by t-test, Additional file 4: Figure S3 ). Co-culture of CT26 cells and splenocytes extracted from CT26 tumor bearing mice and further in vitro uptake assay showed a significant 2-fold increase in uptake of [ 3 0.01 by t-test, Figure 5e ). Conversely, CT26 tumor cell uptake of [ 3 H]DDG did not change between the group treated with 4-1BB mAb and the untreated group (Figure 5f ). The tumor cell uptake was 2500-3000 counts per minute (CPM) for both groups. Taken together, we conclude that [ 18 F]FDG PET tracer uptake is due to both an increase in the number and the glycolytic activity of intratumoral lymphocytes upon 4-1BB mAb therapy.
Discussion
This study used molecular imaging with microPET to characterize the in vivo antitumor effects of a 4-1BB agonistic mAb by stimulating an immune response in a mouse model of colon cancer. Similar to results demonstrated with other 4-1BB agonist mAbs [1, 7, 13] , MAB9371 induced CD8 T cell expansion, increased the proportion of CD8 T effector memory populations, and demonstrated tumor regression including long term anti-tumor immune memory. The doses required to achieve anti-tumor responses were significantly lower than those generally reported in scientific literature as a single dose of 0.1 mg/kg was sufficient to cause complete tumor rejection in 60% of animals. Antibody doses of 1 mg/kg or greater resulted in a complete response in nearly all animals. In these studies, [ 18 F] FDG PET imaging allowed efficient monitoring of immune responses induced by 4-1BB. We observed a strong increased mean signal of [ 18 F] FDG at the tumor site and draining lymph nodes in mice treated with 4-1BB mAb compared to untreated mice, which was due to the antitumor immune responses supported by in vitro studies. The increased PET signal was due both to a higher metabolic tracer uptake by activated T cells upon 4-1BB stimulation, but also to an increase in the presence of CD45+ T cells within the tumors with 4-1BB treatment, which has been recently characterized as an effect of this mode of therapy [7] . PET imaging is a highly sensitive detection method that has been used widely to image tumors thanks to their increased glycolytic activity, but it could also be an important tool to study immune responses at the whole body level [12] . In particular, it could be of use to study pseudoprogression noted with some forms of immunotherapy (such as the anti-CTLA4 antibody ipilimumab), where some patients may have an initial period of apparent tumor progression before having a response [14] . The [ 18 F] FDG PET tracer is a glucose analog that accumulates inside metabolically active cells, which is routinely used in the clinic as a diagnostic tool for early tumor detection and to assess tumor progression [10] . [ 18 F]FDG has previously allowed detection of activated lymphocytes in the draining lymph nodes and spleen [15] and has provided information on metabolic changes on immune cell activation [16] . Studies in humans have also detected activated lymph nodes during early and asymptomatic HIV infection [17] . Molecular imaging with the cell replication PET tracer 3'-deoxy-3'- 18 proliferation in secondary lymphoid organs after CTLA4 blockade with tremelimumab in patients with metastatic melanoma [18] , as well as the study of the kinetics of lymphocyte subsets in response to dendritic cell vaccination in melanoma patients with lymph node metastases [19] . Furthermore, the development of new small molecule PET tracers has also allowed visualization of immune cell expansion and activation in the tumor and DLNs in rodents. 1-(2'-deoxy-2'-[ 18 F]fluoroarabinofuranosyl) cytosine ([ 18 F] FAC) was developed to enable visualization of lymphoid organs and localize immune activation in a mouse model of anti-tumor immunity [20] . Together, these preclinical and early clinical experiences utilizing PET-based molecular imaging support the notion that PET imaging can be used to study T cell responses to cancer. This would allow using a non-invasive imaging approach to determine at which doses there is a pharmacodynamic effect consistent with immune activation. Additionally, differences in visualization of activated immune cells in tumors would allow testing for efficient tumor targeting at those dosing regimens. Therefore, the application of radiolabeled small molecule PET imaging is likely to facilitate the clinical development of immunomodulatory strategies for cancer.
Conclusions
Anti-41BB therapy induced lymphocyte activation and increased lymphocyte glucose uptake, leading to a higher [ 18 F]FDG accumulation at the tumor and draining lymph nodes detectable by microPET scanning. This noninvasive imaging approach makes the visualization of these 4-1BB agonistic antibody-induced antitumor immune responses possible, providing an efficient means to guide the clinical development of these antibodies in patients.
Methods
Animals and cell lines
Balb/c mice were purchased from Charles River Laboratories International, Inc. The procedures were carried out in accordance with the University of California Los Angeles (UCLA) animal care policy, with the Animal Research Committee approval (ARC protocol # 2004-159-21), and the Institutional Animal Care and Use Committee (IACUC) guidelines at Pfizer (La Jolla, CA). All handling and procedures were documented on an IACUC approved Animal Use Protocol (AUP). The tumor cell lines of Balb/c origin, CT26, a murine colon carcinoma, and 4 T1, a highly metastatic murine mammary carcinoma, were obtained from American Type Culture Collection (ATCC, Manassas, VA) and cultured according to the protocols provided by ATCC.
Subcutaneous tumor models in mice
One million CT26 or fifty thousand 4 T1 cells were injected subcutaneously into wild type Balb/c mice. Six to seven days post-tumor implant, mice were randomized according to tumor volume, which on average was 150 mm 3 . After randomization, saline or 4-1BB antibody (catalog #MAB9371, clone #158321, R&D Systems; Minneapolis, MN) was dosed ranging from 1 mg/kg to 0.001 mg/ kg diluted in PBS, and administered intraperitoneally (i.p), as a single dose on day 9, or double dose on days 9 and 11 post-tumor implant. Mice that had been tumor-free for over 45 days were re-challenged by implanting CT26 on the right flank and 4 T1 tumors on the left flank. Tumor volume (mm 3 ) and body weight were recorded two or three times per week using Preisser digital calipers (Flexbar Machine Company, Islandia, NY). Tumor volume was calculated as [length × (width x width)] × 0.5 = volume in mm 3 . Animals were euthanized according to IACUC guidelines when the tumor volume reached 2,000 mm 3 . Depending upon the individual study goals, peripheral blood or serum was collected upon euthanasia, as outlined by the Pfizer La Jolla, IACUC guidelines. Tumor sections were preserved in OCT or 10% paraformaldehyde for histological and immunohistochemical (IHC) analysis.
Immune cell subset depletion experiments
Balb/c mice with 7-day established CT26 tumors were randomized to receive i.p. injection with 100 μg of antimouse CD8 (clone YTS169.4, Bio-X-Cell, West Lebanon, NH), 100 μg of anti-mouse CD4 (clone GK1.5, Bio-X-Cell) or 100 μg anti-asialoGM1 (Wako Chemicals; Richmond, VA). Antibody depletion injections were repeated weekly. For macrophage depletion, 2 mg of clodronate liposomes (purchased from Dr. N. van Rooijen, Clodronate Liposomes Foundation, Haarlen, Netherlands) were injected i. p. on day 7, and subsequent injections were repeated at weekly intervals using 1 mg per injection.
Micro-PET/computed tomography imaging
Mice were anesthetized with 2% isoflurane and injected intravenously with 200 μCi of [ 18 F]FDG. Following onehour uptake, mice were placed in an imaging chamber for sequential imaging with a microPET Focus 220 and micro-CAT II CT scanner (Siemens Preclinical Solutions, Washington D.C.). MicroPET data were acquired for 10 minutes and reconstructed and analyzed after using OsiriX Imaging Software (Pixmeo, Geneva, Switzerland). The mean intensity of the region of interest (ROI), based on the percentinjected dose per gram, was normalized to a background ROI drawn around muscle in the same animal.
Flow cytometry analysis of immune cells
Animals were euthanized and blood was collected via intracardiac puncture following IACUC guidelines. Lymphocytes were isolated from whole blood using Lympholyte Mammal (Cedarlane Laboratories, Burlington, NC) following the manufacturer's instructions. Approximately 3-5 × 
Immunohistochemistry, immunofluorescence and image analysis
Immunohistochemical staining was performed on frozen, OCT-embedded, tumor samples using the automated Leica Bonds Max system (Leica, Buffalo Grove, IL). Five micron, cryostat sections were air-dried, fixed in chilled acetone and 95% ethanol, washed in Bonds wash solution (Leica) blocked (Dako block, Dako, Glostrup Denmark) and stained with biotinylated antimouse CD3 antibody (R&D systems) for 20 minutes at a 1:2000 dilution. The sections were then incubated with Streptavidin-HRP (Leica) and immune complexes were visualized using DAB substrate with hematoxylin counterstain.
Immunofluoresence staining was performed on frozen, OCT-embedded, tumor samples using the automated Leica Bonds Max system. Five micron cryostat sections were air-dried, then fixed in a 1:1 ratio of chilled acetone and 95% ethanol for 5 minutes. Following fixation, sections were washed in Bonds wash solution, blocked and stained with primary antibodies to CD45 (BD Pharmingen) and F4/80 (Thermo Scientific) for 60 minutes at a 1:1500 dilution. The sections were then incubated with the secondary antibody Alexa Fluor 594 1:200 (Invitrogen) and coverslipped with fluoresecent mounting media with DAPI counterstain.
For image analysis, up to 40 representative images at 20x magnification were multispectrally captured on the Vectra™ system (Malleswaram, Banglore). Using Nuance™ (Sidney, Australia) appropriate spectral libraries with the correct background threshold were created from each image. Samples were evaluated using Inform™ software (Chicago, IL). Regions of interest were defined by a single algorithm that classified functional regions such as, viable tumor, non-tumor and background. The algorithm for CD3 also included a cell count segmentation component, which determined the CD3 positive cell count. Two data set calculations were formulated for CD3. One represents the number of CD3 positive cell count per 100,000 pixels of viable tumor area and the other represents the pixel area of CD3 positive cells per 100 pixels of viable tumor area. The pixel area of CD3 positive cells was also calculated in order to accurately compare CD3 data to the CD45 and F4/80 data, which was calculated based on positive pixel area and not cell count. CD45 positivity was evaluated based on CD45 pixel area per viable pixel area. Data represents the pixel area of CD45 positive cell area per 100 pixels of viable tumor area. F4/80 positivity was evaluated based on F4/80 pixel area per viable pixel area. Data represents the pixel area of F4/80 positive cell area per 100 pixels of viable tumor area.
Statistical analysis
Data were analyzed with GraphPad Software (La Jolla, CA). Significance was determined using ANOVA or student ttest with two-tailed p-values. Excel and Prism GraphPad were used to evaluate the numerical data generated by Inform for the IHC image analyses. P-values were calculated based on a one-tailed t-test and means of significance determined by P < 0.05.
